We comment on the value and nature of terms contributing to the Seebeck coefficient of a thermoelectric cell. Transported entropies of ions can be connected with thermodynamic entropies, but they cannot be compared directly to partial molar properties of ions, as they are transport properties, rather than equilibrium properties. Equilibrium thermodynamics is contained in the more general non-equilibrium thermodynamic theory as a special case, apart from that the two cannot be unified.
I thank for the opportunity to comment on issues raised [1, 2] in connection with the publication of our article [3] . Energy conversion efficiencies are high on the world agenda, and thermoelectric devices may provide new opportunities for power production. A better understanding of the nature of electrode heat effects (Peltier heats) and transported entropies, may contribute to an understanding of the efficiency of these converters. I see a discussion of Seebeck and Peltier effects in this context.
Our article concerns the Seebeck coefficient, / T j=0 , of a cell with hydrogen electrodes and a Nafion membrane electrolyte, where is the electric potential (emf) measured between the electrodes due to a temperature difference T . The measurement was interpreted using non-equilibrium thermodynamic theory. In the presence of Soret equilibrium for water, the expression became
where F is Faraday's constant, j is the current density, S H 2 is the entropy of hydrogen, and S * e,Pt and S * H + are the transported entropies of electrons in Pt and of protons in Nafion, respectively. Using the temperature dependence of Seebeck coefficients, one has since long established a scale for transported entropies of * Corresponding author. Tel.: +47 73594179; fax: +47 735 50877.
E-mail addresses: signe.kjelstrup@ntnu.no, signe.kjelstrup@chem.ntnu.no electrons, see e.g. [4] , assigning a zero transported entropy to a chosen superconductor. Some metals (Pb) have negligible transported entropy, but this is not generally true for metals. Molybdenum has S * e,Mo = −17 J/K mol, and the Seebeck coefficient of semiconductor FeSb 2 at low temperature can be gigantic (45 mV/K) [7] . So a particular reference material is needed. Once the transported entropy of electron is known, one can determine the transported entropy of an ion from an expression like (1) . Additional relations exist for ions. By combining expressions of thermoelectric potentials from A-reversible electrodes with expressions from X-reversible electrodes (see [5] ), it is known for an AX electrolyte that
The sum of transported entropies of ions A + and X − in AX is equal to the thermodynamic entropy of the salt, S AX . When the electrolyte is a solution with AX, the relation changes to [5] S
The thermodynamic entropy is then a combination of transported entropies plus the heat of transfer of AX, q * AX . The heat of transfer is carried by diffusion of AX in a water solution at isothermal conditions (see [5] or [6] ). For transport of A across an interface, heats of transfer are defined by the heat flux on the i-and on the o-side of the interface, q * ,s,i A and q * ,s,o A , respectively. These heats of transfer are related to the enthalpy of the phase transition, i,o H A, [6] , via:
In the introduction to our paper [3] we review single electrode heats reported at standard conditions. In his note to the paper, Fang [1] states that this review is not done in "a compared manner." Let us therefore add to the (too) brief statements made in the paper. Fang and Kandlikar, see [1] , used calorimetry to determine the heat production ˘ of the standard hydrogen electrode at temperature T, giving the standard entropy equal to ˘/T = −87.6 J/K mol. The electrode entropy change, ˘/T, is defined by the ratio of the heat flux, J q , over the electric current density at isothermal conditions. It is related to the Seebeck coefficient in non-equilibrium thermodynamics theory. Together this gives:
The ratio J q F/j, where F is Faraday's constant, was carefully measured, varying j and extrapolating to zero current density, thereby realising precisely the condition prescribed for the determination in the left term on the right hand side of the equation: T = 0. This calorimetric method applied to our electrode and membrane electrolyte should give results identical to what we report for initial time experiments (as one cannot realize Soret equilibrium for water under isothermal conditions).
Rockwood on the other hand [8] has only calculated a standard value for ˘/T = −66.6 J/K mol, assuming values for the transported entropy of the proton and the electron. Our results appear at first glance to compare well with his value, but this is only appearent. We did not use a standard acid solution as electrolyte, but a Nafion membrane, meaning that our results can not be used to distinguish between the values reported in the literature.
In his comment related to our work, Rockwood [2] presents a relation, which with our terminology can be written as:
This relation can be compared to Eq. (5). The relation equates the Seebeck coefficient to a reversible heat effect, and therefore to an entropy change. Using this relation, he writes that S * = − F /T + G(T) is valid for A and B or any other metal, argues that G(T) = 0, and proposes that the transported entropy can be equated with the partial molar entropy, in general S * = S . He proposes that the scientific community should address the evaluation of the function G(T) or the validity of S * = − F /T, and the completeness of thermodynamic theory obtained by setting S * i = −F i /T i = S i . Most measurements of thermodynamic data produce a difference in the wanted property. Thermoelectric potentials are special, because they contain absolute entropies of reactants/products and transported entropies of charge carriers, cf. Eq. (1). From one measurement, one can only find a combination of transported entropies, however, S * e,A − S * e,B , or in our case S * e,Pt − S * H + . With a reference chosen for S * e,Pt , a value for S * H + can be tabulated. Using a relation like Eq. (2) one can calculate the transported entropy of the anion, once the value for the cation has been found, or vice versa. It is thus possible to allocate a transported entropy to the phase of the charge carrier, and define a transported entropy for a material [6] once the reference is set. So far there is agreement. But this is not the same as setting S * i = S i . The heat change that follows from an entropy change in an interface, caused by transfer of charge across it, is the Peltier heat of the interface, ˘, cf. Eq. (4). This heat transport takes place under reversible conditions. The relation of ˘ to entropies and transported entropies is thus natural. But the Peltier heat is not an equilibrium property.
The transported entropies in Eq. (2) are not partial molar properties. First, they are not defined like partial molar quantities, as they are no differentials of the total and they do not vary with the concentration like partial molar entropies [6] . As the right hand side of Eq. (4) suggests, transported entropies can better be compared with transport numbers or transference coefficients. A transference coefficient, say for water, is the number of moles of water carried per mole of electric charge passing the cell (often named the electro-osmotic drag coefficient in fuel cell research). The Peltier coefficient is like a transference coefficient, not for mass, but for heat. It measures the number of joules carried per mole of electric charge passing the outer circuit of the cell. The partial molar entropy on the other hand is an equilibrium property, in spite of Eq. (2).
It seems difficult to arrive at a physical understanding of concepts like transported entropies, or transported heats when we are mixing concepts of different nature, e.g. equilibrium properties with transport properties. Rather than introducing extrathermodynamic assumptions to be able to identify Peltier coefficients in terms of thermodynamic ionic properties, we should think of the Peltier heat as a transport property which obeys certain transformation properties, Eqs. (2) and (3). More work on electrodes is clearly needed to reveal relations like Eq. (4). Systematic studies of properties of transport should be encouraged.
The last issue of Rockwood, on the possibility to unify equilibrium thermodynamics and non-equilibrium thermodynamics, is also a matter of principle. Equilibrium thermodynamics is a special case of non-equilibrium thermodynamics. In this sense, both descriptions must obey certain limiting properties. This is not the same as unification. Transport equations compatible with the second law of thermodynamics, are defined by non-equilibrium thermodynamics alone [6] . I would like to see a development where this systematic theory can be taught, also at the undergraduate level, for the benefit of engineers and scientists, including electrochemists.
